Model used in this work
This paper uses the latest version of the COPSE biogeochemical model (Mills et al., 23 2014) , and adds to this a routine for calculating the burial rates of organic carbon and pyrite 24 sulphur via isotope mass balance, mirroring the functionality of the GEOCARBSULF model 25 (Berner, 2006; 2009 ). The resulting model is very similar to GEOCARBSULF, but 26 differences remain in the assumed rate of volcanic degassing, and the weatherable area of 27 volcanic rocks, as well as more minor quantitative differences in the calculations for 28 weathering fluxes. 29
In this paper we wish to test the oxygen predictions from the isotope mass balance 30 system, particularly with regard to the input of δ 13 C data, which shows large uncertainty. In 31 theory, this test can be carried out using the GEOCARBSULF model, however recent work 32 has shown that the computational algorithm used to solve the model fails when δ 13 C inputs 33 are varied only slightly from the model baseline (Royer et al., 2014) . The COPSE algorithm 34 uses a variable time-step method and is therefore suited to testing wide differences in input 35 parameters. Thus we adapt the COPSE model to test the isotope mass balance method by 36 removing the nutrient system and replacing with the IMB equations. This has the additional 37 benefit of testing whether the differences in the COPSE formulations for degassing and 38 weathering have much impact on the model outputs under isotope mass balance. 39
To summarize the results of this exercise: 40  Replacing the nutrient system in COPSE with the exact isotope mass balance 41 system from GEOCARBSULF (including standard inputs for δ 13 C and δ 34 S) 42 results in oxygen predictions very similar to GEOCARBSULF. Showing that 43 O 2 predictions are much more dependent on the assumed isotope record than 44 other model processes. 45  Replacing the standard δ 13 C input compilation with a more recent record 46 (Saltzman and Thomas, 2012) results in major revision of the O 2 predictions, 47 with pO 2 > 0.2atm for the whole model timeframe (200-0Ma). 48
Rapid recycling 49
In order to add the isotope mass balance system to COPSE, the model must be 50 modified to include 'rapid recycling' of sedimentary carbon and sulphur. Under this method, 51 it is assumed that geologically young sedimentary rocks constitute the majority of interaction 52 with the surface system, allowing the isotopic signature of buried material to be more quickly 53 recycled to the atmosphere and oceans. This technique has been included in all isotope mass 54 balance approaches (Berner 1987; 2006; 2009; Royer et al., 2014) . 55
The method involves splitting the sedimentary reservoirs for organic carbon, 56 carbonates, pyrite and gypsum sulphur into 'young' and 'ancient' boxes. The young boxes 57 are smaller and have higher weathering rates, the ancient boxes are much larger and have 58 lower weathering rates (see ms figure 2). The relative size of the young and ancient 59 reservoirs, as well as the relative weathering contributions are taken directly from 60 GEOCARBSULF, and are listed below with the other model parameters. The carbon and 61 sulphur cycle schematic from the attached manuscript, which details the flux names, is 62 reproduced here (A1) for convenience. 63 
Isotope mass balance equations for burial fluxes 75
With rapid recycling added to the COPSE model, and the nutrient system removed 76 completely, the equations representing organic carbon burial and pyrite sulphur burial are 77 copied exactly from GEOCARBSULF, the code for which was kindly sent by R. A. Berner. 78
The mathematical derivation is published in Berner (1987) and begins with the assumption of 79 input-output parity for 12 C and 13 C atoms (and 34 S and 32 S for sulphur). For Carbon: 80
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Rearranging gives: 84 ∆ 85
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Where δ(X) is the isotopic composition of reservoir X, W denotes weathering, D denotes 87 degassing and B denotes burial. ΔB and ΔS are the fractionation effects for burial of carbon 88 and sulphur respectively. This equation is mirrored for the sulphur cycle. 89
APPENDIX 2: FULL MODEL DESCRIPTION 90
The full model equations are detailed below. Aside from the addition of rapid 91 recycling and isotope mass balance, and the removal of the nutrient system, they follow 92 exactly the model from Mills et al., (2014 Buried organic C (young):
(6) 104
Buried organic C (ancient):
(7) 105
Buried carbonate C (young):
(8) 106
Buried carbonate C (ancient):
(9) 107
Buried pyrite S (young):
(10) 108
Buried pyrite S (ancient):
(11) 109
Buried gypsum S (young):
(12) 110
Buried gypsum S (ancient):
(13) 111
Isotope reservoir calculations: 112
Atmosphere 
221
where S 0 = 1368Wm -2 , τ=4.55x10 9 years. 222
Relative global CO 2 degassing:
1 for present day 223
Relative uplift rate:
1 for present day 224
Evolution of land plants:
1 for present day 225
Weathering effect of plant evolution:
1 for present day 226
Carbonate burial depth:
1 for present day 227
Relative basaltic area:
1 for present day 228
Relative total land area:
LA rel = 1 for present day 229
Relative carbonate land area:
LAC rel = 1 for present day 230
Relative granite area:
where BA cont is the total basaltic area on continents (i.e. total basaltic area minus island arc 232 and ocean island contributions) and LA and LAC are the total land area and carbonate land 233 area respectively, calculated by scaling the relative areas to the present day areas. 234
Paleogeographical runoff effect:
1 for present day 235
Starting conditions 236
The model reservoir of ancient carbonates, C a , is by far the largest store of carbon, 237 therefore its assumed isotopic composition at the start of the model run will influence the 238 relative carbon burial rates for this time. This parameter is set so that organic C burial rates 239 and oxygen concentration return to present day values at the end of the run (0Ma). This 240 requires 1.16 for the GEOCARB δ 13 Cinput, and 0.56 for the 241
GTS2012 input. 242
Model output 243 Figure DR2 shows IMB-COPSE model output for 3 combinations of input parameters: 244 1) δ 13 C and δ 34 S inputs follow GEOCARBSULF. Shown in green. and to the significantly smaller fluxes of oxygen associated with the sulphur system when 260 compared to carbon. When the δ 13 C input parameter is also altered, predicted oxygen 261 concentration is significantly changed, and is higher over the model timeframe. This stems 262 from the assumption that Mesozoic δ 13 C was higher than present, equating to greater organic 263 carbon burial in this model variant. show could therefore be extended using this method, but the best-guess predictions, which 279 are the subject of this paper, would not be altered. Nevertheless it should be noted that it is 280 possible for this model to predict a period of low O 2 (<15%) during the Jurassic, but such 281 prediction would rely on a fortuitous combination of parameter variations. 282 Our model assumes an increase in the degassing rate of carbonates at ~140Ma, aiming 290 to represent the subduction of deep ocean carbonate deposits after the evolution of calcareous 291 plankton (burial depth forcing B above, following from GEOCARB modelling). However, 292 carbonate subduction may be more dependent on longer term basin dynamics and may 293 therefore produce a destabilizing effect on the carbon cycle (Edmond and Huh, 2003 The quantity f pyr represents pyrite burial as a fraction of total sulphur burial. In 308 GEOCARB and COPSE modelling f pyr is around 0.3-0.4 at the present day. It has however 309 been suggested, based on direct estimation of the sulphate burial rate, that f pyr may have been 310 as high as 0.9 and stable at this fraction for the whole Phanerozoic (Halevy et al., 2012) . To 311 close the isotope mass balance under this constraint requires a fixed time-evolution of the 312 isotopic composition of sulphate inputs ( figure DR5, panel A) , although this is not supported 313 by available data on the composition of sulphur in coals (Canfield, 2013) . In figure DR5 we 314 run the model with an imposed δ 34 S of sulphate inputs, and an increased rate of pyrite burial 315 at present day (Halevy et al., 2012) . Variation in oxygen predictions is again small. This is 316 because the rate of oxygen production from pyrite burial is still much smaller than via 317 organic carbon burial (around 20%), and also because the higher and more stable rate of 318 pyrite burial in the altered model acts to reduce the overall variation in oxygen production 319 rates. 320 
